ABSTRACT Hydroid planulae metamorphose in response to an inducing external stimulus, usually a bacterial cue. There is evidence that neurotransmitters participate in the signal transduction pathway of hydroid metamorphosis. Eudendrium racemosum is a colonial hydroid common in the Mediterranean Sea. It lacks the medusa stage and the planulae develop on female colonies during the fertile season. In this work, serotonin (5-HT) was localized in some planula ectodermal cells. Co-localization of serotonin and β-tubulin suggested that 5-HT was present in sensory nervous cells and in different ectodermal cells. To investigate the role of neurotransmitters in metamorphosis, E. racemosum planulae were treated with serotonin and dopamine and with agonists and antagonists of the corresponding receptors. Serotonin and a serotonin receptor agonist induced metamorphosis, while a 5-HT receptor antagonist inhibited it. Dopamine and all dopaminergic drugs used did not show any significant effect on the onset of metamorphosis. Results from this work showed that 5-HT could stimulate metamorphosis in E. racemosum planulae in the presence of a natural inducer. A mechanism by which this neurotransmitter could act in this phase is proposed.
Introduction
Hydroids are colonial animals with a life cycle including a planktonic larva, the planula, which settles and metamorphoses into a sessile polyp. It is known that the larvae of many marine invertebrates settle and metamorphose in response to environmental stimuli (Burke, 1983; Rodriguez et al., 1993; Hadfield and Paul, 2001 ) and a role for bacteria in induction of settlement and metamorphosis in different hydroid species has been demonstrated by several authors (Hydractinia echinata, Wittman, 1977; Kroiher and Berking, 1999; Phialidium gregagrium, Freeman, 1981 ; Halocordyle disticha, Thomas et al., 1987; Mitrocomella polydiademata, Freeman and Ridgway, 1990) .
Cell depolarization is reportedly one of the first events of the transduction pathway that mediates the metamorphic stimulus, occurring upon contact with the bacterial inducer. Monovalent cations such as K+ and Cs+ are well known as artificial inducers of metamorphosis of different hydroid species (Spindler and Muller, 1972; Muller and Buchal, 1973; Freeman and Ridgway, 1990; Schwoerer-Böhning et al., 1990) . Therefore the larval nervous system is involved in signal reception, at the level of electrically excitable cells and there is evidence that it also participates in the signal transduction pathway of metamorphosis (Hadfield, 1998 (Hadfield, , 2000 . It has been proposed that neurotransmitters, such as catecholamines and serotonin (5-HT), play a critical role in the initiation of metamorphosis. In Halocordyle disticha, catecholamines were stained in sensory cells and in the neural plexus of the planula and it has been reported they induced metamorphosis when applied exogenously (Edwards et al., 1987) . In Hydractinia echinata, an enhancement of metamorphosis was obtained by treating the larvae with serotonin or with its precursor hydroxytryptophan in combination with other inducers (Walther et al., 1996) . In planulae of this species, serotonin was localized in ectodermal cells forming a circle at the anterior pole of the larva. For both species, it was proposed that the neurosensory cells where catecholamines or 5-HT were localized might have the function of sensing the environmental cue triggering metamorphosis. Similarly, in the hydroid Phialidium gregarium, planulae were induced to metamorphose after exposure to catecholamines and to 5-HT (McCauley, 1997) . In particular, it was shown that serotonin was localized in ectodermal cells with a punctate distribution, most probably sensory cells. In this species it was proposed that serotonin could be released after contact with an over we localized serotonin and β-tubulin in planulae and discuss the contribution of different ectodermal cell types to the first events of metamorphosis.
Results

β β β β β-tubulin and serotonin localization
A brief description of histology sections is given in order to discuss the possible identity of β-tubulin and serotonin immunoreactive cells. Longitudinal sections showed two types of ectodermal cells filled with secretory granules: mucus cells, in which the nucleus was not recognizable as it degenerates and epitheliomuscular cells, characterized by the typical position of their nuclei in the mid-apical region of the cell (Fig.1J, K) . In 1-day old larvae, immunohistochemistry revealed a positive signal for 5-HT in several ectodermal cells. These positive cells were scattered in the ectoderm, more numerous in the aboral pole than in the oral pole and serotonin signal was more evident in the cells' apical portions (Fig. 2  A, B, E).
In the same larvae, β-tubulin immunopositive signal was detectable in some ectodermal cells with an elongated shape (Fig. 2D, F) and labeled the network of fibers lying on the mesoglea and connecting these cells. Since it has been reported that nervous cells in hydrozoan planulae are rich in cytoplasmic microtubules (Martin and Thomas, 1980; Kolberg and Martin, 1988) , we assume that these β- appropriate external cue and could determine cell depolarization. Neurotransmitters participate in the metamorphic signaling of a variety of planktonic invertebrate larvae that will become benthic juveniles, including polychaetes, mollusks, crustaceans and ascidians (Pawlik, 1990; Couper and Leise, 1996; Yamamoto et al., 1999; Zega et al., 2005) . Still, little is known about the detailed involvement of larval sensory organs in the first phases of this rapid and dramatic event.
Eudendrium racemosum is a marine colonial hydroid frequently found in the Mediterranean Sea (Fig. 1A) , with a relatively simple life cycle due to the complete suppression of the medusa generation. In the fertile season, male and female colonies (Fig.  1B,C) are recognizable. Planulae develop and hatch (Fig. 1D ) from the female blastostyle, they live free for some time (Fig. 1E ) and can settle within few hours after hatching. The planulae are diploblastic larvae, constituted by an ectoderm and an endoderm, separated by an acellular mesoglea (Fig. 1I ). The main cell types found in the ectoderm were epitheliomuscular cells, mucus cells and sensory-nervous cells, proposed to have a dual function in stimulus perception and conduction (Sommer, 1990) . Permanent adhesion to the substratum is attained by secretion of peridermal material from the epitheliomuscular cells and by secretory activity of mucus cells. After attachment, the planula metamorphoses through different stages into a primary polyp (Fig. 1 F, G, H ), which will give rise to a new colony. E. racemosum larvae do not metamorphose readily in sterile sea water, but can be induced to settle by adding specific substrates such as certain algae or conspecific perisarc tubes (Sommer, 1992) . In this work we studied the involvement of serotonin and dopamine, a catecholamine, in the metamorphosis of the hydroid E. racemosum. More- Sommer (1990) (Fig. 2D, F ). Serotonin signal colocalized with β-tubulin signal only in a small population of cells, most probably sensory-nervous cells (Fig. 2C , G). The other cells containing serotonin but not β-tubulin, could be epitheliomuscular cells or mucus cells. Our data suggested that at least two types of ectodermal cells are 5-HT immunopositive. By the same immunohistochemical method we did not detect dopamine in these larvae (not shown).
Effects of serotonin and dopamine on the onset of metamorphosis
Planulae of E. racemosum were exposed to serotonin to evaluate the possible effects on metamorphosis. In the presence of perisarc tubes as natural inducer (see Materials and Methods and Fig. 4 ), 1 mM serotonin induced metamorphosis while lower concentrations of 5-HT failed to significantly promote metamorphosis above control levels (F = 6.269, P < 0.05; FSW 58.4% ± 9.3; 5-HT 10µM 55.0% ± 15.9; 5-HT 100µM 62.5% ± 8.0; 5-HT 1 mM 77.5% ± 15.2; Tukey's post hoc: FSW vs. 5-HT 1mM P<0.05) (Fig. 3A) .
The effects on metamorphosis of serotonin receptors agonists and antagonists were also tested. The results are summarized in Table 1 . Differences in the percentage of metamorphosis were found in treatments with OH-8 DPAT ([(±)-8-Hydroxy-2-(di-npropyl-amino) tetralin hydrobromide]), a selective 5-HT 1A receptor agonist, as compared to controls (Fig. 3B) . Analysis of variance was not significant, but post hoc tests indicated a trends towards a difference in the 10 mM treatment (F = 3.846, P = 0.051; Tukey's post hoc tests: FSW vs. OH-8 DPAT 10µM P = 0.067; FSW vs. OH-8 DPAT 1µM P = 0.975).
DOI hydrochloride, a 5-HT 2/1C receptor agonist, did not show any effect. The 5-HT 1A receptor antagonist, WAY-100635 maleate, reduced the percentage of metamorphosis at the higher concentration, as compared to controls (F = 9.341, P = 0.004; Tukey's post hoc test: FSW vs. 10µM P = 0.003; FSW vs. 1µM P = 0.074) (Fig. 3C) .
Treatments with dopamine and with two dopamine receptor agonists (S-(-)-lisuride; (±)-SKF-38393) had no effects on planulae metamorphosis, nor did treatments with two dopamine receptor antagonists (R (+)-SCH-23390, clozapine) ( Table 1) .
Discussion
This work demonstrated the presence of serotonin in planulae of E. racemosum and provided evidence of the involvement of this neurotransmitter during metamorphosis. By contrast, we observed that it was not possible to label dopamine with the immunohistochemical method used and that dopaminergic substances did not affect metamorphosis in Eudendrium planulae. Serotonin was localized in ectodermal cells with a punctate distribution. These cells were more abundant at the aboral pole of the larva. In Hydractinia echinata planulae, 5-HT was observed in ectodermal cells arranged in a circle at the aboral pole (Walther et al., 1996) . Also in Phialidium gregarium, 5-HT positive cells were more abundant in the ectoderm of the aboral pole (McCauley, 1997) . This region is considered to take up the inducing signal and to generate the metamorphic internal signal which spreads into all body regions (Schwoerer-Böhning et al., 1990) . Experiments of co-localization with β-tubulin demonstrated that in E. racemosum serotonin was present in at least two different cell types: one type was rich in microtubules while the second type did not show β- Exogenous application of serotonin to planulae stimulated metamorphosis. The same result was obtained by exposing the larvae to an agonist of 5-HT 1A receptors, suggesting that endogenous 5-HT is involved in metamorphosis of the planula. In fact, in planulae treated with WAY-100635, a 5-HT 1A receptor antagonist, metamorphosis was inhibited, indicating that serotonin signaling is necessary to initiate this process.
DOSE-DEPENDENT EFFECTS OF SEROTONERGIC (5-HT) AND DOPAMINERGIC DRUGS (D) USED ON METAMORPHOSIS ASSAYS
In many hydroid species, bacteria apparently supply the environmental cue triggering metamorphosis (Freeman, 1981; Thomas et al., 1987; Freeman and Ridgway, 1990; Kroiher and Berking, 1999) . Planulae of E. racemosum did not metamorphose in sterile conditions but they did in the presence of conspecific perisarc tubes (Sommer, 1990; present work) . When left in FSW, only a small percentage of larvae was able to metamorphose and inductive substances were not able to stimulate this process (data not shown). Thus as serotonin did not have any inductive effect without perisarc tubes, we hypothesize that this neurotransmitter either acts upstream of or in parallel with the perception of the natural inducer. The abundance of serotonin containing cells suggested that this neurotransmitter may play a pivotal role in the larval nervous network, perhaps stimulating searching behavior. If so, exogenous applied serotonin could enhance settlement by stimulating substrate exploration in the larva. Perisarc tubes could trigger metamorphosis perhaps by providing bacteria or another "cue" indicative of the presence of a conspecific adult. In fact, in the genus Eudendrium fertilization is external and sexes are separated. Planulae do not have a high dispersal rate as they are retained by the mother colony by a mucous thread and thus often metamorphose close to the colony (Bavestrello and Cerrano, 1992; Sommer, 1992) . This life history pattern indicates the suitability of adults conspecifics as a reliable indicator of an appropriate place to settle.
A comparison of different effects of serotonin, dopamine and clozapine on E. racemosum vs. others hydroids species is given in Table 2 . As in E. racemosum, planulae of Phialidium gregarium were induced to settle by 5-HT, but by contrast, both dopamine and clozapine, a dopamine and serotonin receptor antagonist, induced settlement (McCauley, 1997), while in E. racemosum the same compounds did not have any effect. Edwards et al. (1987) observed that catecholamines, as well as some of their precursors and agonists, induced metamorphosis in the marine hydroid Halocordyle disticha but not in Hydractinia echinata. In planule of the latter species serotonin stimulated metamorphosis (Walther et al., 1996) . Taken together all these findings suggested that neurotransmitters and their receptor agonists and antagonists can play somewhat different roles in different hydroid species.
Evidence that exogenous serotonin induced metamorphosis, taken together with the immunolocalization of this molecule in sensory-nervous cells, suggested that these cells are involved in reception of the stimulus in E. racemosum. These results regarding the involvement of serotonin in E. racemosum metamorphosis are comparable to what was previously reported for the hydroid H. echinata (Walther et al., 1996) and P. gregarium (Mc Cauley, 1997) , suggesting a similar role of this neurotransmitter in the three species. We suggest that in E. racemosum planulae, serotonin is involved in the perception of the environmental cue, through 5-HT containing sensory-nervous cells, situated in the aboral pole, after which depolarization occurs, as already proposed by McCauley (1997) . Once metamorphosis has begun, serotonin stored in the other cells might play a role in the release of substances for permanent adhesion.
COMPARISON OF THE DIFFERENT EFFECTS ON METAMORPHOSIS AMONG 4 HYDROID SPECIES
In conclusion, serotonin seems to play an important role in early signaling cascade of metamorphosis of hydroids planulae of different species, where it is present at the level of ciliated sensory cells. Moreover, serotonin is also present in ciliated cells of the sensory organs of gastropod larvae and ascidian tadpoles (Dickinson et al., 1999; Hay-Schmidt, 2000; Pennati et al., 2001) and for some species its role in the stimulation of metamorphosis has been proved (Couper and Leise, 1996; Zega et al., 2005) . The involvement of 5-HT in the metamorphosis of non-homologous larvae of different phyla suggests that serotonin signaling was selected several times for the control of an initial step of the transduction pathway of this process. To date, the exact action that serotonin can carry out at the molecular level, triggering a complex morphogenetic event, is not completely understood. Further investigation will shed light on possible convergent or divergent mechanisms about neurotransmitters role action in the complex process of metamorphosis.
Materials and Methods
Animals
Colonies of the hydroid Eudendrium racemosum (Gmelin, 1791) were collected in shallow waters inside the harbour of Santa Margherita (Genova, Italy) during their fertile season, from June to late September (2001 September ( -2004 (Fig. 1A) . Female colonies are easily recognizable from male ones (Fig. 1B, C) . In fact, their blastostyles bear groups of about ten fertilized eggs of a brilliant orange color (Sommer, 1992) . Hydroid colonies were gently removed from the substratum and transferred to the lab in abundant seawater (SW). They were placed into glass wells with SW and with an aerator at 16°C and fed with Artemia salina. Colonies were placed in the dark for 24-48 hours and then under light conditions to obtain larvae (Cerrano et al., 1997) . Planulae released from mature female colonies were collected twice a day and then used for experiments on the same or the following day (Fig. 1 D, E) .
Hystological analysis
Planulae were fixed for 2 hours in 0.4% paraformaldheyde at room temperature (r.t.), dehydrated in an ethanol series and stored in ethanol 70% at -20°C. After rehydration, specimens were stained in 1% carmin red for 3 h and then embedded in Technovit 7100 plastic (Heraeus Kulzer GmbH, Werheim, Germany), at r.t. and sectioned at 5 µm. Sections were counterstained with 0.5% methylene blue, dissolved in distilled water, for a few seconds and mounted in Entellan (Merck, Whitehouse Station, NJ, USA).
Immunohistochemistry
Specimens were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer saline (PBS) (pH 7.2) at room temperature for 2 hours. All steps were performed with gentle rocking. After rinsing with 0.1 M PBS, the samples were dehydrated in ethanol series to 70% and stored at -20°C. After rehydration, specimens were permeabilized with 0.1% Tween-20, 0.25% Triton X-100 in PBS for 25 minutes, washed three times in PBS, 10 minutes each and incubated for 30 minutes in 50% PBS/50% normal goat serum, previously inactivated at 55°C for 30 minutes. Then, the samples were treated for 48 hours at 4°C with anti-human serotonin antibody, made in rabbit, diluted 1: 200 (Medac, Hamburg, Germany). For double-staining the monoclonal antibody anti-β tubulin clone 2-28-23 (Sigma, Italy) diluted 1:200 was added. After several washes in PBS, samples were incubated in 1% bovine serum albumine (BSA) in PBS for 1 hour at room temperature and then incubated at 4°C overnight in PBS in which FITC conjugated goat anti-rabbit IgG and TRITC conjugated goat anti-mouse IgG (Sigma, Italy), both diluted 1:100 were added. Next, specimens were washed three times in PBS, 20 minutes each and mounted in 1,4-diazabicyclo[2,2,2]octane (DABCO, Sigma, Italy) on microscope slides. As negative controls, planulae were processed without incubation in primary antibodies: such specimens exhibited no detectable fluorescence. Samples were examined using a confocal laser scanning microscope Leica TCS-NT (Leica Microsystems, Heidelberg, Germany), equipped with laser argon/krypton, 75 mW multiline. Series of 1,06µm "optical sections" attained by scanning whole-mount specimens, were projected into one image with greater focal depth. FITC fluorescence was observed using a 488 nm excitation laser and a 530/30 band pass filter; TRITC fluorescence was observed using a 568 nm excitation laser and a 590 long pass filter. The number of sections per image is given in the figure legends.
Assays for planulae metamorphosis
Planulae were considered to have started metamorphosis when they had attached to the substratum/dish and they had begun to form an hydrant (Fig. 1F,G, H) (Sommer, 1990) . In order to test planulae ability to metamorphose under laboratory conditions, we performed control experiments, in 5cm glass wells, in which larvae were put in filtered sea water (FSW)(0.4µm pore size) with or without small pieces of perisarc tubes, added as natural inducers. Percentage of metamorphosed larvae (percentage of metamorphosis) was calculated as proportion of metamorphosed planulae over total number of planulae put into each well at the beginning of the experiment. The test for spontaneous settlement was repeated two times on different batches, with the same results. In the presence of perisarc tubes, almost all planulae started metamorphosis within the second day (97.2% ± 5.6). Less than 50% of planulae put in FSW alone metamorphosed after four days (day 1: F = 91.19, P < 0.0001; day 2: F = 227.465, P < 0.00001; day 3: F = 192.56, P < 0.00001; day 4: F = 98.636, P < 0.0001) (Fig. 4) . Moreover, after two days most of the planulae, that were not metamorphosed yet, died. Then all assays for planulae metamorphosis with neurotransmitters and their agonists and antagonists were performed in presence of pieces of perisarc tubes. The experiments were repeated on different dates using three different culture batches. In each experiment, 1-2 days old planulae were collected and evenly divided among treatments. Each treatment was replicated at least five times. For each treatment, 10 ± 2 larvae were carefully pipetted in wells containing 10 ml of filtered SW (FSW) (0.4 µm pore size) in which the drug to be tested had been diluted. A 10 mM stock solution was prepared for each drug and then diluted to the appropriate working concentration. Chemical agents tested were dissolved mainly in distilled water, whereas those that were insoluble in water were dissolved in DMSO. Control tests were performed in FSW in which perisarc tubes were added and in FSW plus a volume of DMSO equal to those used for diluting the stock solution to the highest concentration tested in the treatments (corresponding to 0.13 µM). Substances proved to stimulate metamorphosis were also tested in assays without perisarc tubes: no significant difference in the percentage of metamorphosis among controls and treatments was observed and the mean percentage of metamorphosis did not go over 20% after 24h (Fig. 4) .
The percentage of metamorphosis in the controls was used for comparison in statistical analysis for each experiment. The plates were kept at 18°C throughout the experiments. Larvae were observed under a stero-microscope 1 day after treatment to estimate percentage of metamorphosis, i. e. crawling planulae vs. attached planulae, which had begun to form an hydrant. One-way analysis of variance (ANOVA) was used to test the significance of differences in the metamorphosis rate. Tukey's post hoc test (significant at P<0.05) was used to identify specific effects. Prior to performing analyses of variance, normal frequency distribution of data and homogeneity of variance were tested. No significant deviations from the parametric assumption were observed (normality: KolmogorovSmirnov' test all P>0.04; homogeneity of variance: Levene's test all P>0.06). Data are mean percentage ± 95% confidence interval.
Serotonin (5-hydroxytryptamine), dopamine, (±)-8-Hydroxy-2-(di-n-propyl-amino) tetralin hydrobromide (8-OH-DPAT HBr), R(-)-DOI Hydrochloride, WAY-100635 maleate, R (+)-SCH-23390, (±)-SKF-38393, S-(-)-Lisuride, Clozapine were purchased from SIGMA, Italy.
